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Abstract— Active Magnetic Bearing (AMB) technology is
becoming attractive for several reasons such as high speed
operations, high reliability and vibrations exemption. Moreover,
AMB can behave as active vibration dampers and provide a real-
time control of the shaft. For all these advantages, AMBs are
particularly attractive for high power - high speed applications.
These desirable features come at the cost of an increased
complexity of the system, which now includes a power electronic
converter and a control system dedicated to the AMBs. This paper
focus on the overall system design, from the AMB design, to the
power electronic converter design and control, for an AMB
featuring Wheatstone bridge winding configuration. The magnetic
design has been developed analytically and validated by means of
Finite Elements simulation, to generate up to 2kN of axial forces.
The power conversion system is based on three full bridges, one to
magnetize the bearing and two to control the axial forces
independently on the x and y axes. In order to achieve high
bandwidth current control able to generate the desired orthogonal
forces, a predictive control strategy has been proposed, for the
several advantages it can provides such as fast dynamic response,
no need of modulation, easy inclusion of nonlinearities and
constraints of the system, possibility of incorporating nested
control loops in only one loop and the flexibility to include other
system requirements in the controller. The control system has
been validated in Matlab/PLECS simulation, including the effect
of parameters mismatches in the coils.
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I. INTRODUCTION
High speed applications and direct drive systems are gaining
importance in industry and they are subject of extensive
research. The maximum speed is mainly limited by the
mechanical properties of materials, thermal issues and bearings
limitations. Active Magnetic Bearings (AMB) technology has
been available since the late seventies, mainly for high-end
aerospace applications. The interest in the application of AMBs
to a broader range of industrial products has recently increased
due to the higher availability and lower cost of enabling
technologies such as power electronics and control hardware. In
fact, AMBs are becoming a valid alternative to standard roll-
bearing for rotating machines [1], reducing losses and achieving
a full active rotor-dynamic control of the system. AMB
technology presents several advantages: they can operate at very
high speed with minimum loss and no mechanical wear and, due
to the absence of friction, they are highly reliable and exempt
from vibrations. In addition to these general features, they can
act as dampers of other sources of vibration and the advanced
position control system can provide a full real-time control of
the shaft operating conditions. For all these advantages, AMBs
are particularly attractive for high power as well as high speed
applications [2].
Different magnetic bearing topologies in combination with
their control strategy have been proposed in literature to reduce
the position stiffness [3], to improve the force density, reduce
losses [4] and improve dynamic performances. The operative
principle of AMBs is based on the flux density unbalance in the
main airgap, which leads to force acting on the rotor element.
These flux density unbalances, hence forces, are generated by
actively controlling the current supplied to the AMBs power
coils. The coil arrangement and control system adopted are
constantly under study as they play a fundamental role in the
performances of the system. A variety of coil number and
arrangement can be found in literature exploiting the capabilities
of three-phase systems with respect the single phase ones. In this
work, the Wheatstone Bridge (WB) configuration for the AMBs
power coil is considered [5]. A wide range of control techniques
have been proposed and investigated with the aim to minimize
power dissipation [6], improve dynamic response [7] or increase
robustness against unknown parameters or disturbances [8].
In order to control the coils currents, a power conversion
system is required. In this work such system is realized using a
six leg voltage source converter. The converter is capable of
controlling the biasing magnetising flux density in the AMB
through a DC current, identical in every coil, and control the
rotor position over the x and y axes, by means of a current
unbalance in the single AMB coils. However, since the six
converter legs are connected to the same DC-Link and not
isolated from the AMB coils, undesired circulating current are
present and have to be suppressed by the current control.
The capability of controlling the coils current with a wide
bandwidth is a crucial requirement, as it directly impacts the
dynamic performances of the AMB. For such system, Model
Predictive Control (MPC) represents an attractive solution, due
to its inherently fast dynamic response, no need of modulation,
easy inclusion of nonlinearities and constraints of the system,
possibility of incorporating nested control loops in only one loop
and the flexibility to include other system requirements in the
controller [9]–[13]. MPC considers a model of the system in
order to predict its future behaviour over a specific time horizon.
On the basis of this model, MPC solves an optimization problem
where a sequence of future actuations is obtained by minimizing
a cost function which represents the desired behaviour of the
system. The best performing actuation is then applied and all the
calculations are repeated every sample period. Since switching
power converters are systems with a finite number of states,
given by the possible combinations of the state of the switching
devices, the MPC optimization problem can be simplified and
reduced to the prediction of the behaviour of the system for each
of the possible states. Each prediction is evaluated using the cost
function and the state that minimizes it, is selected [12]. This is
an approach which has been successfully applied for the current
control in three-phase inverters [10], [14], [15], Cascaded H-
Bridge converters [11], [16] and Matrix converters [17], [18], as
well as power control in an Active Front-End rectifier [10], [19],
and torque and flux control of an induction machine [20], [21].
II. ACTIVE MAGNETIC BEARING DESIGN AND MODELLING
The AMBs schematic considered in this analysis is shown in
Fig. 1, where the power coils are highlighted in red and in blue
for the x-axis and the y-axis control respectively. A 2 axis
control, 4 pole field active magnetic bearing is considered. In
this configuration the power coils around each tooth are divided
in two identical parts. These windings, together with the one on
the opposite tooth are arranged to form a Wheatstone bridge
configuration. The design is carried out to allow a force
generation of 2kN for each axis. A DC-bias field is generated by
imposing a DC current in the power winding in order to store
magnetic energy in the bearing. A disturbance causing a rotor
position displacement from the centred condition generates an
unbalance in the air gap magnetic field that can be compensated
by unbalancing the DC current in the power coils and, therefore,
generating the required balancing force.
(a) (b)
Fig. 1. (a) 2D model of the AMB (x-axis configuration) and (b) Wheatstone
bridge power coil arrangement for a single axis
This winding configuration allows to generate the DC-bias
field by feeding the Wheatstone bridge with a controlled DC
current, shown in the bottom of Fig. 1(b) and allow to generate
the required unbalance supply by introducing a current source in
between the bridge itself as shown in the top of Fig. 1(b). In
addition, a self-sensing bearing design can also be achieved
placing windings, by means of sensing coils, on the non-
wounded teeth. In such way the sensing coils are able to link the
flux produced by the power winding structure and, thus,
determine the position from the unbalance in the voltage across
them.
The design of the AMB is carried out with Finite Element
analysis combined with a first analytical design stage. From the
system energy balance equation, a simplified formulation has
been considered for the force generation, as shown in eq. (1)
൜
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where x and y represent the rotor position along the AMBs
geometrical axes, ௫݅ and ௬݅ are the currents injected across the
arms of the Wheatstone bridge, ௜݇ǡ௫ ൌ ௜݇ǡ௬ are the current
stiffness constants and ௠݇ ǡ௫ ൌ ௠݇ ǡ௬ are the mechanical stiffness
constants, respectively for the x and y axis. AMBs are
characterized by negative mechanical stiffness which needs to
be compensated when the rotor structure in not centred. The
symmetrical structure of the device leads to identical
characteristic along the two geometrical axis. The currents ௫݅
and ௬݅ in eq. (1) are the differential currents which need to be
imposed to modulate the DC bias current and enable the
modulation of the magnetic field required to generate the forces.
The geometrical structure, the DC bias current and the
differential current level have been determined in order to ensure
the required output force without occurring in saturation level
that degrades the performance of the AMBs. FEA has been
performed to validate the design and characterize the behaviour
of the AMBs considered in this work. Fig. 2 presents the flux
distribution in the AMBs featuring centred rotor position and
imposing the maximum differential current along the x-axis.
Fig. 2. Flux density distribution of the designed AMB featuring centred rotor
position and maximum differential current ௫݅.
Due to the strong interaction of the coils with the magnetic
circuit, the inductances of the coils are suitable to change in
different operational conditions of the system. This is modelled
and validated by means of FEA analysis, where also the
saturation effect is accounted. In the following analysis a
variation of ±15% of the inductance with respect its nominal
value is considered.
III. POWER ELECTRONICS DRIVE DESIGN AND MODELLING
As introduced in the previous section, the magnetic bearing
system is modelled as two Wheatstone bridges, which are able
to control, respectively the rotor position on the motor x and y
axis. In order to operate properly, the system needs a DC current
of 60A flowing through the coils, which imposes the required
flux necessary to magnetize the AMB and store the
electromagnetic power needed for the force generation. In the
ideal case, where no gravity is considered and the system is
exempt from external disturbances or asymmetries, the rotor will
reach a centred position in the AMB structure. A variation of
±10% of the nominal current is required in order to unbalance
the forces generation on the x and y axes and maintain the rotor
in the desired equilibrium position when mechanical
asymmetries and other disturbances are present. In order to fulfil
these specifications, the system is controlled using three H-
Bridges (HBs) fed by a common DC bus, as shown in Fig. 3.
The HB 1 is used to generate the DC current flowing through
the WB legs while the HB 2 and 3 are able to generate the
necessary leg currents unbalance, respectively on WB 1 and 2.
Referring to Fig. 1(b) and Fig. 3, the system must respect the
constraints defined by (2) in all the operating conditions:
൞
i୶ିଵ = i୶ି ସi୶ିଶ = i୶ି ଷi୷ିଵ = i୷ିସi୷ିଶ = i୷ିଷ (2)
From eq. (2) and considering the currents dependencies in
the system under study, highlighted in eq. (3),
⎩
⎪⎪
⎨
⎪⎪
⎧
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(3)
It is possible to obtain the constraints summarised in eq. (4) on
the three HBs output currents.
൝
iଵି ୒୍ = iଵି୓୙୘iଶି ୒୍ = iଶି୓୙୘iଷି ୒୍ = iଷି୓୙୘ (4)
Under the hypothesis of symmetric branches of the WB, the
system is then described as shown in (5) where L and R
represent, respectively, the nominal winding inductance
(3.5mH) and resistance (0.1Ω) seen by one HB, obtained from 
the FEA. Moreover, si-j represents the state of the switch Qi-j
(equal to 1 when the switch is on and 0 when the switch is off).
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It is important to highlight that the constraints in (4) and, as
a consequence the ones in (2), have to be imposed by the
converter control, independently on the three HBs. However, for
control design purposes, controlling the current at the converter
output represents a more practical solution, rather than directly
measure the Wheatstone bridge arm currents.
Table I shows the nominal parameters of the power
conversion system under exam. In order to test the designed
power conversion system, variations of ±12A are considered on
HB 2 and HB 3 while the HB 1 produce a DC current of 120A.
IV. PREDICTIVE CONTROL FOR THE AMB SYSTEM
In Fig. 4 the control block scheme for a single AMB is
presented. The position control block considers a rotor-dynamic
model of the system which calculates the required forces to be
applied in order to achieve stable operative conditions. The
reference forces are then evaluated from the force control block
which implements the electro-magneto-mechanical model of the
AMB, presented in eq. (1). Finally, the reference currents are
imposed from the current control block by opportunely driving
the three HB converters.
Fig. 3. Converter model and nominal parameters (colors refer to the coil arrangement shown in Fig. 1)
TABLE I. AMB POWER CONVERSION SYSTEM NOMINAL PARAMETERS
NAME DESCRIPTION VALUE UNIT
C DC-Link capacitance 3000 [µF]
Lx-1 , Lx-2 ,
Lx-3 , Lx-4 x-axis winding inductances
3.5 [mH]
Rx-1 , Rx-2 ,
Rx-3 , Rx-4
x-axis winding resistances 0.1 [Ω] 
Ly-1 , Ly-2 ,
Ly-3 , Ly-4 y-axis winding inductances
3.5 [mH]
Ry-1 , Ry-2 ,
Ry-3 , Ry-4
y-axis winding resistances 0.1 [Ω] 
ݒො஺ ,ݒො஻ ,ݒො஼ Supply voltages peak value 50 [V]
VDC DC-Link voltage 87 [V]
i1-IN , i1-OUT H-Bridge 1 Circulating currents 120 [A]
i2-IN , i2-OUT H-Bridge 2 Circulating currents ± 12 [A]
i3-IN , i3-OUT H-Bridge 3 Circulating currents ± 12 [A]
ix-1 , ix-2 , ix-3
, ix-4
x-axis Wheatstone bridge currents 60 ± 6 [A]
iy-1 , iy-2 , iy-3
, iy-4 y-axis Wheatstone bridge currents
60 ± 6 [A]
Since a high current control bandwidth is necessary to
respond to any mechanical disturbance with a fast and accurate
transient, a Predictive current control is implemented with a
control sampling frequency of 25kHz for the HB 1, which have
to produce a constant DC current, and 100kHz for the HB 2 and
3 which, on the other hand, require a much faster control
response to current reference variations. Note that the current
processed by HB2 and HB3 is only a fraction of the DC bias
current, and switching at higher frequencies does not increase
the complexity of the conversion system.
Fig. 4. Overall AMB system control scheme.
With this configuration it is possible to control the four leg
currents of each WB. It is also important to highlight that, since
a predictive controller is used, the converter switching frequency
is variable and always lower than half of the sampling
frequency, increasing the feasibility of the proposed system even
when standard silicon power electronic devices are considered.
On the other hand, a Predictive controller requires the online
evaluation of all the possible converter states, (64 for the system
under study) and thus demands a high computational burden.
However, by taking advantage of the system symmetry, defined
by equation (2), it is possible to simplify the system and reduce
the number of iterations required by the Predictive controller. In
fact, it is possible to divide the equations in (5), in six equations,
representing the single HBs legs equations, discretized as in (6)
at the sampling time Ts and using the discrete variable k.
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The equations in (6) are used to calculate the HBs currents
at the discrete time instant k+1, necessary to compensate the one
sampling instant delay introduced by the digital implementation.
The same equations, shifted by one sampling step ahead, are
then used to calculate the current predictions at the discrete time
instant k+2. These equations are then evaluated for every
possible HB state and the converter state which minimizes the
cost functions in (7) is selected to be applied in the next sampling
interval.
⎩
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⎨
⎪⎪
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(7)
The cost functions in (7) represent the tracking errors for
each converter leg, where iDC*, ix* and iy* are the current
references for the HB 1, 2 and 3 respectively. It is important to
highlight that, since the input and output current of each HB are
controlled to minimize the error with respect the same current
reference, implementing (7) inherently minimize the cost
functions in (8).
ቐ
Gଵି୆୅୐(k + 2) = |iଵି ୒୍(k + 2) − iଵି୓୙୘(k + 2)|Gଶି୆୅୐(k + 2) = |iଶି ୒୍(k + 2) − iଶି୓୙୘(k + 2)|Gଷି୆୅୐(k + 2) = |iଷି ୒୍(k + 2) − iଷି୓୙୘(k + 2)| (8)
The cost functions in (8) represents the unbalance on each
HB currents. It can demonstrated that if the cost functions in (8)
are kept equal to zero there is no current circulation through the
three HBs (i.e. equations (2) and (3) are satisfied) and they can
be considered as three independent converters, as if they are
connected to three separate DC-Links.
Fig. 5. Independent leg predictive current control block diagram.
By using this approach the predictive controller has to
evaluate only 12 possible converter states, thus reducing the
computational power required from the practical
implementation. Fig. 5 shows the control block diagram, where
the control of the first leg of HB 1 is highlighted.
V. SIMULATION RESULTS
Simulations of the proposed system are carried out for two
study cases using MATLAB/PLECS. The first simulation
considers the ideal case of balanced inductances on the WB arms
and the results are shown in Fig. 6. In this figure it can be noted
that the DC-Link is maintained constant as expected and the
three HBs generate, respectively, the necessary DC current
flowing through the HB 1 and a variable square wave current
with a fundamental frequency of 300Hz on the HB 2 and 3. The
square wave can be seen as an example of a possible response
of the outer position loop to external disturbances on the main
shaft. It is important to highlight that, since the constraint in (3)
is satisfied the WB leg currents follow the expected pattern,
fulfilling the constraint in (2).
Fig.7 shows the simulation results for unbalanced
inductances on the WB arms. This test case is particularly
important since the coil inductance vary with the rotor position.
In this case the control is still able to track the input and output
currents of the three HBs fulfilling the constraint in (3).
However, the unbalance in the arm inductance values generate
an unbalance in the WB leg currents of approximately 1A in the
worst case, for a maximum inductance variation of 20% the
nominal value. This case represent an extreme situation since
variation of about 15% the nominal value are expected in the
real system. Moreover, this effect can be reduced by actively
mapping the value of inductance at different rotor position in the
control system by using Finite Element simulation results or
relying on the outer position control loop. On the other hand, this
test demonstrate the stability of the proposed Predictive current
control with respect to model parameters uncertainties.
VI. CONCLUSIONS
A Predictive current control is applied to the power
electronic converter control for an active magnetic bearing
system, modelled as two Wheatstone Bridges. The converter is
composed by three H-Bridges, which work independently and
control the DC current flowing through the WBs and the current
unbalances in the two WBs leg currents respectively. In fact the
DC current is necessary to magnetically load the AMBs and by
unbalancing the WBs leg currents is possible to shift the rotor
on x or y machine axis in order to actively respond to mechanical
vibration and other disturbances. As these vibrations, for the
specific application, are in the order of hundreds of Hz, the
current control has to be able to track current variations at the
same frequency. Simulation results show fast current tracking
response even in case of unbalanced WB inductance values.
However, in this case an offset between the WB leg currents is
present. This effect can be reduced by including the knowledge
of the variation of the inductance values with the rotor position.
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Lx-1 = Ly-1 = Lx-2 = Ly-2 = Lx-3= Ly-3 = Lx-4 = Ly-4 = 3.5mH
Fig. 6. Simulation results with balanced inductances: (a) DC-Link voltage; (b) Current HB 1; (c) Current HB 2; (d) Current HB 3; (e) X-axis leg currents; (f) Y-
axis leg currents.
Lx-1 = Ly-1 = 3mH, Lx-2 = Ly-2 = 3.2mH, Lx-3 = Ly-3 = 3.5mH, Lx-4 = Ly-4 = 3.7mH
Fig. 7. Simulation results with unbalanced inductances : (a) DC-Link voltage; (b) Current HB 1; (c) Current HB 2; (d) Current HB 3; (e) X-axis leg currents;
(f) Y-axis leg currents.
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